Optical critical coupling into highly confining metal-insulator-metal resonators We demonstrate controlled optical critical coupling into highly confining metal-insulator-metal grating-based resonators. We achieve the coupling-and hence the absorption-of more than 95% of the incoming photons in a gallium arsenide based system confined between a metallic ground plane and a metallic grating. The demonstration is given in the terahertz range of the electromagnetic spectrum, at 75 lm k 120 lm, for a semiconductor core thickness of only 10 lm. It is valid, however, at any wavelength, upon linear scaling. The critical coupling regime is judiciously tuned by precise etching of the semiconductor material in between the metallic fingers.
The experimental results are in accordance with the universal behaviour predicted by temporal coupled mode theory. Critical coupling is the situation when energy is fed to a system with maximum efficiency. 1 In the ideal case, no energy is back-reflected or transmitted. It is a general concept which finds applications in a vast range of fields, such as-to name a few-microwaves and antenna theory, electro technical applications, photonics. It is a crucial property of waveguides coupled to resonators: when the resonator losses equal the coupling constant, the energy transfer is maximal. [2] [3] [4] As a corollary, the transmission/reflection via the waveguide drops to zero if there is no mode-coupling. 5 If we remove the waveguide, the concept still applies (freely propagating photons can be reflected or transmitted through the resonator system) and it acquires even greater generality. 6 This concept can have a major impact in the semiconductor field where a detector or a photovoltaic active core can for instance be inserted in such a system: 7-9 maximum efficiency is achieved at critical coupling, since all the energy is dissipated in the resonator. Another field which could benefit from the critical coupling concept is the research domain on perfect absorbers. [10] [11] [12] In such systems, at specific frequency and/or angles, most of the impinging radiation is absorbed. While rarely mentioned, almost always such a behaviour can be interpreted in terms of critical coupling condition. This makes a direct link with the recent efforts which are devoted to the development of thermal narrow-band sources [13] [14] [15] [16] in which critical coupling can greatly enhance the emission efficiency.
Terahertz (THz) resonators usually employ metallic waveguides and mirrors which enable sub-wavelength confinement in at least one direction. 17, 18 For instance, patch cavities with thickness around one micron or less in general exhibit a good coupling efficiency. 19 When dealing instead with thicker THz optical resonators-which are well suited to devices given the reduced level of ohmic losses-the onset of the dispersive regime implies that critical coupling between the incoming light and the resonating modes is not a trivial task. Indeed for such dispersive cavities (10 lm thick), the tight lateral confinement of the resonances is lost and the coupling efficiency drops to lower values. In this letter, we demonstrate an approach which permits to easily tune such dispersive cavities into the critical coupling regime, hence achieving almost total light funnelling into the system which remains highly confined in the vertical dimension. Most of the energy is dissipated in the active core, with a marginal amount of power lost in ohmic losses. We also demonstrate that a simple analysis with temporal coupled mode theory (TCMT) provides a universal behaviour as a function of the coupling parameter.
The studied THz resonator consists of the most commonly used architecture, i.e., a metal-insulator-metal structure as depicted in Figure 1 (a). The bottom mirror is a planar gold layer, 1-lm-thick, obtained using a thermo-compressive Au-Au wafer bonding process. 20 The insulator is 10 lm thick and is constituted of a 9-lm-thick semi-insulating (SI) GaAs slab, with an extra 1-lm-thick layer of GaAs n-doped to 2.6 Â 10 18 cm À3 . This layer mimics an active region, e.g., a detector via its absorption losses c AR . If we define as c ohmic the waveguide losses related to the metallic layers, the nonradiative loss rate c NR is equal to c AR þ c ohmic . The system is coupled to the external world with a top 1-D metallic grating (Ti/Au, 5/200 nm, followed by a thin Cr layer for induced coupled plasma (ICP) masking purposes), with period K and filling factor ff. Several periods (K ¼ 25, 30 lm) and ff (43%, 73%, 77%, 80%) have been implemented. If one is able to precisely tune c R , it is then possible to drive the system in and out of the desired regime. In this respect, we found-using rigorous coupled wave analysis (RCWA) simulations-that the radiative loss of the resonator (c R ) can be increased by etching the semiconductor material in between the metallic fingers, as schematically represented in Figure 1 (a), where h represents the etch depth. This phenomenon can be intuitively grasped by seeing the air holes we dig in the resonator as periodically arranged radiation scattering regions, which affect c R . Insuring that the doping level of the n þ -GaAs layer is chosen so that it leads to non-radiative losses intrinsically higher than the radiative ones, we are then in the situation depicted in Figure 2(a) : at a precise etching depth, c R will be equal to c NR and critical coupling will be achieved. Note that a different approach to reach critical coupling has been recently demonstrated, where the c NR of the material is tuned while c R is kept constant. 21 We probed the reflectivity R(,h) of such system over a large spectral bandwidth (2-7 THz at least), and a wide angular range (13 h 67 , Fig. 1(a) ) using a Fourier transform infrared spectrometer (FTIR). Using a wire grid polarizer, the P-polarization (in the plane of incidence) of the Globar lamp beam was selected and the reflected signal was measured with a liquid-He cooled Silicon (Si) Bolometer, or with a Deuterated Triglycine Sulfate (DTGS) pyroelectric detector. The absolute reflectivity is obtained by division of the sample spectrum with a reference one from a planar gold surface. The band diagram (frequency vs in-plane wavevector) R(, k k ) of a device is then readily obtained from Rð; hÞ using the relationship k k ¼ x c sinðhÞ. The band-structure of an unetched device with K ¼ 30 lm and ff ¼ 77% is shown in the left panel of Figure 3(a) . The two dispersive transverse magnetic (TM) modes of the resonator are clearly observable. They are the result of the perturbation induced by the air slit of the grating, which folds the guided mode dispersion in the first Brillouin zone. At C-point (2 nd order Bragg scattering), the photonic band-gap lies at ' 2:9 THz. At most of the incident angles, about 60% of the incoming light is coupled into the sub-wavelength system. Using an ICP reactor, we iteratively carved the sample as presented on the SEM picture of Figure 2 (b). On this picture, one can easily distinguish seven successive strata of etching that occurred in-between the metallic stripes. At each step, the device band diagram was measured. The right panel of Figure 3 (a) reports the experimental reflectivity R(, k k ) of the same sample after an etching h ¼ 3.25 lm. The black regions correspond to a coupling (i.e., to absorption) larger than 95%. Given the limits of the probing technique, critical coupling is reached with almost all the impinging light coupled into the system. The broadening of the full width half maximum (FWHM) of the dispersive modes (from 177 GHz to 280 GHz) constitutes a clear signature of the achieved controlled modification of c R . Note that the effective index of the resonator modes is modified by the semiconductor etch which explains the observed frequency blue-shift. Further etching drives the system out of the critical coupling regime and the reflectivity increases again.
The experimental findings can be predicted using RCWA. The numerical details can be found in Refs. 22-25. In the present case, the SI-GaAs layer is modelled as an isotropic medium with an effective permittivity which takes into account the optical phonons contribution 
where N 3d ¼ 2:6 Â 10 18 cm À3 and s (the carriers scattering time) is 0.1 ps. Finally, the dielectric function of gold is defined according to Ref. 27 . Figure 3 the y-axis. For clarity, the data are separated in two panels (see supplementary material 28 for the overlapped curves). First, the frequency tuning observed experimentally is remarkably well reproduced by the calculations, especially for the upper branch. Secondly, and most importantly, the levels of reflectivity and the width of the resonances are also very well reproduced for the higher dispersive branch. Similar agreements are found at other incidence angles h. The excellent agreement between theory and experiment allows us to estimate that-at critical coupling-90% of the light is absorbed by the semiconductor active core and only 8% is dissipated in the gold. These values are very promising in view of the development of active devices.
To demonstrate the universality of this approach, we performed the same study on other samples with different filling factors, respectively, ff ¼ 80% and ff ¼ 73%. The controlled tuning of c R is observed for both samples. We will now try and plot all the data on a universal curve. According to the TCMT for a resonator coupled to an external field, the reflectivity at resonance of the one port system is described by the following expression:
Experimentally, one has only access to the FWHM of the resonant mode representing the total loss rate c tot ¼ c R þ c NR . Furthermore, each sample exhibits different c R ; c NR and consequently the expression (3) is not universal.
If we now assume that the non-radiative losses remain approximately constant while etching the sample, Eq. (3) can be re-stated in terms of the total losses and the losses at the critical point as following:
where c cc stands for the FWHM of the resonance at the critical coupling. Note that c cc is sample dependent. Since the definition of critical coupling is c R ¼ c NR , then c cc ¼ 2c NR , which leads to
In turn, c tot can easily be extracted from the experimental data with a Lorentzian fit (see supplementary material 28 for the 2013) fitting procedure). Expression (5) is universal: R is expressed as a function of the dimensionless parameter c tot =c cc . Figure 4 shows the reflectivity at resonance for all the three samples, as a function of c tot =c cc . A very good agreement is reached between expression (5) and the experimental data. Increasing the etch depth leads to increased c tot , hence to higher values in the x-axis. The system transits from under-coupling (c tot =c cc < 1) to over-coupling (c tot =c cc > 1). When c tot =c cc ¼ 1, the system is critically coupled. Note that the theoretical curve is shifted by a value of 0.015 (1.5% reflectivity) since the experimentally measured extinction ratio of the polariser is 98.5%, and a very small fraction of TE polarised radiation leaks through and shifts up the measured reflectivity. This plot is extremely practical since it gathers all the data-set onto a single curve, and it demonstrates that each single device can be brought to critical coupling via this post-processing approach. Furthermore, it allows one to directly experimentally measure c rad , which is 1 2 c cc . Finally, the universality of the curve implies that the critical coupling point can be predicted by measuring a proper number of reflectivity values before actually reaching criticality.
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One could wonder if the drop in reflectivity upon etching is due to random scattering and not to absorption. On one hand, it is a very remote possibility since the reflectivity increases after reaching the critical point (Figure 4 ) while the radiative Q-factor keeps decreasing (see supplementary material 28 for the plot of the radiative Q-factor as a function of the etch depth). On the other hand, it is possible to perform a very elegant test to completely rule out this possibility. From blackbody theory (Kirchoff's law of thermal radiation), the radiated energy of a body in thermodynamic equilibrium is equal to the absorbed energy which reciprocally means that a better absorber is also a better thermal emitter. 29 As a corollary, the emissivity of a critically coupled device should be higher than for an unetched one. A simple test can be performed: if by heating a device which is at critical coupling more energy is collected than from a device not at critical coupling, this would undeniably prove that the light is actually coupled into the system. Two samples with quasisame filling factors were mounted on a copper holder. One sample was etched to critical coupling while the other one was kept intact. Using the heating resistance of the cryostat, the samples were heated at 350 K and their thermal emission spectra were collected with two off-axis parabolic mirrors and re-directed into the interferometer. A polariser was used to select the polarization and the collected signal was measured with the Si Bolometer. A polarized reference signal was also measured using a bare copper mount heated to the same temperature. Figure 5 shows a direct comparison between the emissivity of a critically coupled device (red curves) and a lower absorption device (blue curves). The polarisation is such that the electric field is orthogonal to the metallic stripes (same as the reflectivity measurements). For guidance, the reflectivity of the respective samples at h ¼ 138 is presented in the lower panel. The correspondence between the various peaks in emission and reflection is evident. For both samples, the lower branches (non-radiative branches 30 )-which are present in reflection-are quasi-non-existent in emission. This is in good agreement with the fact that the thermal signal is collected at h ¼ 08. Furthermore, an excellent agreement is reached between the ratios of the peaks in emission and the same ratios in reflection. This result is not only aesthetically gratifying, but it proves that we have indeed tailored the light absorption in the resonator.
In conclusion, we have presented a post-processing approach which allows one to obtain optical critical coupling in highly confining THz resonators. We managed to couple more than 95% of the incoming light into a system whose thickness is $1/10th of the wavelength. This constitutes an extremely high value for devices operating in the THz spectral range. These results appear to be highly valuable for future developments in THz physics and technology. Such cavities can for instance be employed with quantum well infrared THz detectors whose bandwidth is wide enough to tolerate the angular dispersion of these resonators. And the possibility of post-tuning the radiative rates is devicefriendly, since these latter could be optimized after fabrication. Furthermore, this approach is valid at any wavelength upon a simple linear scaling, provided that the metallic losses do not become prohibitive. . Their respective reflectivity spectra for an angle of 13 are reported in the lower panel.
